We have evaluated the use of baculoviruses to deliver Campoletis sonorensis polydnavirus (CsPDV) genomic DNA into lepidopteran larvae to facilitate the identification of functional CsPDV genes. Genomic fragments consisting of regulatory (promoter) and coding sequences for two CsPDV genes (VHv 1.1 and WHvl.6) were used to generate CsPDVbaculovirus recombinants and evaluate the expression of genes under the regulation of the CsPDV promoters. Northern blot and primer extension studies established that CsPDV genes were expressed under the control of their own promoters in these CsPDV-baculovirus recombinants. Transcripts were detected as early as 4 h post-infection indicating that temporal activity of CsPDV promoters was retained. The VHvl.1 gene product as expressed from CsPDV-baculovirus recombinants was identical in size and in functional properties to that produced in CsPDV-infected insects. CsPDVbaculovirus recombinants may be useful for the screening and characterization of polydnavirus genes with functional activities that can only be evaluated in insect larvae.
Introduction
Po]ydnaviruses are a unique group of DNA viruses which are obligatory symbionts of some endoparasitic wasps. These viruses replicate solely in the reproductive tract of adult female wasps and are transmitted to an insect host during oviposition. Campaletis sonorensis polydnavirus (CsPDV) is the most extensively studied polydnavirus. The CsPDV genome is complex, containing at least 28 superhelical DNA segments ranging in size from 5"0 to 21"0 kb (Blissard et al., 1986) . The aggregate genome size is estimated between 210 and 230 kbp (Krell et al., 1982) . CsPDV is transmitted vertically as a provirus that is stably integrated in the wasp genome (Fleming & Summers, 1990) . The CsPDV genome segments that have been studied are integrated at unique sites, although nesting of some DNA segments has been reported in other polydnaviruses (Xu & Stoltz, 1993) . The extent to which viral DNA segments are clustered or dispersed in the wasp genome is unknown.
Many studies have implicated polydnaviruses in the alterations of host physiology associated with parasitization by wasp endoparasites. Parasitized insects display an array of physiological symptoms that include alterations in growth, Author for correspondence: Bruce Webb. Fax + 1 606 323 1120. e-mail bawebb@pop.uky.edu development, immunity, blood protein composition, blood amino acid titres and behaviour (Fathpour & Dahlman, 1995; Shelby & Webb, 1994; Strand & Pech, 1995; Summers & DibHajj, 1995) . Importantly, polydnavirus effects are not associated with virus replication but rather with the species-specific regulation of virus gene expression. Polydnaviruses replicate profusely but asymptomatically in their wasp hosts and then disrupt the immunological and developmental systems of their lepidopteran hosts in the apparent absence of virus replication (Summers & Dib-Hajj, 1995) . Alterations in the physiology of the lepidopteran host are required for survival and development of the wasp endoparasite. The titres of many developmentally regulated hormones and proteins may be affected by polydnavirus infection (Fathpour & Dahlman, 1995; Shelby & Webb, 1994 ) but it is not clear which, if any, of these alterations are primary effects of virus infection and which changes are secondary effects resulting from virusassociated alteration of the host's developmental programme. Clearly, the identification of viral genes responsible for the disruption of host physiology and the elucidation of the mechanisms through which physiological systems are targeted by viral genes is a principal objective in the study of polydnaviruses.
The major approach to identifying functionally active CsPDV genes has focused on characterization of the expression of viral genes. CsPDV gene expression is species-dependent, with some genes expressed solely in the lepidopteran host, some uniquely expressed in the parasitic wasp and others expressed in both insects (Summers & Dib-Hajj, 1995) . In the lepidopteran host, CsPDV gene expression is initiated shortly after virus introduction, reaching detectable levels within 2 to 4 h, and continuing throughout the course of parasitization (Blissard eta] ., 1986). Although several CsPDV genes have been cloned, sequenced and expressed in bacterial and eukaryotic expression systems (Summers & Dib-Hajj, 1995) , only one viral gene, the VHvl.1 gene, has been associated with a specific alteration of host physiology (Li & Webb, 1994) . The targets and modes of action of viral genes affecting host physiology remain unknown. The complexity of the CsPDV genome, the unusual life cycle of the virus and the lack of an in vitro system for virus propagation and expression have presented formidable obstacles to the identification, isolation and characterization of viral genes that regulate host physiology. For instance, the most profound alterations induced by CsPDV infection, such as inhibition of encapsulation and the arrest of growth and development are only manifested in the lepidopteran larvae. In vitro assays for many polydnavirusassociated physiological alterations are not available.
Because of the lack of efficient methods for introducing individual polydnavirus genes into lepidopteran larvae, we explored an alternative approach in which the baculovirus system is used to introduce and express CsPDV genes for functional analysis in lepidopteran larvae. Many CsPDV promoters are active in the lepidopteran host and should retain their activity when introduced into lepidopteran cells via the baculovirus system. Expression and processing of CsPDV genes and proteins should mimic CsPDV infection and expression in the lepidopteran host. Insertion of uncharacterized fragments of CsPDV genomic DNA into a baculovirus may allow the generation of CsPDV expression libraries which could be systematically screened, in vivo, for functional activities evident only in host larvae. The feasibility of this approach was tested by generating several different baculovirus recombinants carrying a full genomic copy of a CsPDV gene. Two cloned CsPDV genes, VHvl.1 and WHvl.6 (Blissard et aI., 1989; Dib-Hajj et al., 1993) , that are located on separate genome segments were evaluated. The protein product for one of these genes has been immunologically and functionally identified allowing us to analyse CsPDV protein production and activity from the recombinants (Li & Webb, 1994) . We show that CsPDV genes are transcribed early in the course of infection from the CsPDV-baculovirus recornbinants and independently of polyhedrin promoter activity. The translated product of one of the expressed CsPDV genes had biochemical and functional characteristics similar to those observed in CsPDV-infected insects.
Methods
• Cell cultures and virus maintenance. Spodoptera frugiperda cells (St9, ATCC CRL 1711) were maintained in TNM-FH medium (King & Possee, 1992) supplemented with I0% fetal calf serum, gentamicin (50 ~g/ml) and amphotericin B (2"5 p,g/ml). Transfections and virus manipulations were done on St9 cells according to previously described procedures (Webb & Summers, 1990) . The E-2 strain of Autographa ca]ifornica nucleopolyhedrovirus (AcMNPV) was used for infections requiring wild-type virus. A Trichoplusia ni cell line (Tn-5, BTI-Tn-SB1-4; Wickman & Nemerow, 1993) and an Estigmene acrea cell line (EaA, BTIEaA; Granados & Naughton, 1976) were maintained similarly.
• Generation of transfer constructs and CsPDV-baculovirus recombinants. Restriction fragments of previously cloned CsPDV genomic segments, V and W (SHV and SHW; X. Li & B. A. Webb, unpublished; Blissard et al., 1987) were used to generate several baculovirus constructs. VHvl.1 recombinants were produced by digesting a 12"5 kb subclone of segment V (Cui & Webb, 1996) with EcoRl or PstI and subcioning into the transfer vector pVLI393 to generate 6"3 and 8"0 kbp constructs, respectively. For the generation of WHvl.6 recombinants, a 6"7 kbp XbaI fragment of segment W was similarly subcloned. The presence and orientation of the gene insert with respect to the polyhedrin promoter was determined by restriction enzyme analyses. Vector constructs with gene inserts for each of the two possible orientations were used in co-transfections of St9 cells with Baculogold [inearized baculovirus DNA (PharMingen). Recombinant viruses from single plaque isolates were confirmed by dot-blot hybridization (Webb & Summers, 1990) with probes specific for the gene insert. Positive plaques were subjected to several rounds of amplifications to generate a high virus titre (I-2 x 10 s p.f.u./ml) for use in the expression experiments.
• RNA extractions. Total RNA was isolated by guanidinium-phenol extraction (Chomczynski & Sacchi, 1987) after infection of 5 x 108 St9 cells in 100 mm 2 tissue culture dishes with either AcMNPV or recombinant viruses at an m.o.i, of 20 as previously described (O'Reilly et al., 1992) . At selected times following a I h virus absorption period (time 'zero'), the medium was removed from the dishes and 6 ml of guanidinium-phenol solution (4 M-guanidinium isothiocyanate, 0'5% sarcosyl, 0"1 M-2 mercaptoethanol-water-saturated phenol-2 N-sodium citrate, pH 4"0; I:1:0-I, by vol.) was added directly to the cells. RNA was subsequently extracted from the aqueous phase by addition of chloroform (1"2 ml) followed by precipitation at room temperature with 3 ml of isopropanol. The RNA pellet was washed twice in 75 % ethanol, air dried and resuspended in DEPC-treated water.
• Northern hybridizations and primer extension analysis. For Northern analyses, total RNAs (10 or 15 p,g/lane) were electrophoresed on agarose--formaldehyde denaturing gels (2-2 M-formaldehyde, 20 raM-MOPS, pH 7"0, 8 mM-sodium acetate, I mM-EDTA, pH 8"0; Sambrook et al., 1989) . RNAs were transferred to nylon membranes by the alkaline downward transfer method using a TurboBlotter system (Schleicher and Schuell) and the RNA was immobilized by UV cross-linking. Hybridizations were carried out under high stringency conditions (50% formamide, 0'9 M-NaC1, 60 mM-NaH~P04, 6 mM-EDTA, 5 x Denhardt's solution, 1% SDS; at 42 °C for 14-16 h) followed by high stringency washes (Sambrook et al., 1989) . PCR generated cDNA probes specific for the VHvl.1 and WHvl.6 genes were used for hybridizations. Probes for the wasp-expressed segment W gene, WCs3, were generated by restriction enzyme digestion of cloned segment W. Primers for extension analysis were designed from sequence within 100 nucleotides of the putative transcriptional start sites for the VHvl.1 and WHvl.6 genes. 
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downstream of the VHvl.1 and the WHvl.6 transcriptional start sites (Dib-Hajj et a]., 1993), respectively. Oligonucleotides were end-labelled using T4 polynucleotide kinase (Promega) with 30 p.Ci [~,-32P]ATP (3000 Ci/mmol, New England Nuclear) for 10 min at 37 °C. Primer annealings were done at 58 °C for 25 min using I fmoI of the endlabelled primer and 50 ,g of total RNA per reaction in AMV RT reaction buffer (Promega). Annealed products were extended with AMV RT (Promega) in RT extension mix (1 x AMV RT buffer, 2'8 mM-sodium pyrophosphate, 4 mM-dNTPs) at 42 °C for 35 min. Primer extended products were separated on a denaturing polyacrylamide gel (7 M-urea, 8% acrylamide) along with radiolabelled ~X174 Hinfl DNA standards (Promega) and visualized by autoradiography.
• Protein production by CsPDV-baculovirus recombinants in lepidopteran cell lines and larvae. Sf9, Tn-5 and EaA cells were plated at a density of 2 x 108 cells per well in six-well tissue culture plates and infected with either wild-type virus (AcMNPV E2 strain) or the recombinant viruses for expression of the VHvl.1 protein. After a 1 h virus absorption period (time 'zero'), cells and the culture media were collected separately at different times post-infection for protein analysis by SDS--PAGE and immunoblotting with VHvl.1 antiserum. Staged Iastinstar H. virescens larvae were immobilized on ice and injected using a drawn glass microcapillary with 5 x 105 p.f.u. (in 5,1 of TNM-FH media) of either wild-type virus (AcMNPV) or the VHvl.l-recombinant viruses. Haemolymph was collected from larvae at selected intervals postinjection, centrifuged at 10000 g to pellet haemocytes and the cell-free plasma analysed by immunoblotting as described below.
• Protein analysis. Protein samples were assayed by immunoblotting with antiserum for the VHvl.1 protein (Li & Webb, 1994) . After separation by SDS--PAGE, proteins were electrotransferred to nitrocellulose membranes (0"45 ,m) using a semi-dry blotting apparatus (BioRad). Blots were processed with the VHvl.l-protein antiserum and with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (Sigma), as the secondary antibody, using previously described procedures (Li & Webb, 1994) . The immunoreactive proteins were detected using the NBT-BCIP (Promega) substrate system.
• Indirect immunofluorescence. Haemocytes from unparasitized last-instar H. virescens larvae were seeded on a fluorescence antibody microslide (GoldSeal) containing 40 ,I of Grace's medium (Gibco BRL) with phenylthiourea (PTU). The attached haemocytes were overlaid with 70 ~1 of cell-free plasma (diluted 2:1 with PTU-containing Grace's medium) collected 48 and 72 h post-infection from last-instar larvae infected with either wild-type baculovirus or CsPDV-baculovirus recombinants expressing the VHvl.1 protein (5 x 105 p.f.u, in 5,1 volume) and incubated for 2 h at room temperature. Overlays with plasma from unparasitized or parasitized larvae at 24 h post-parasitization were used as controls. After incubation with the plasma, haemocyte preparations were processed for immunofluorescence as described previously (Li & Webb, I994) with the VHvl.I antiserum and fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (FITCIgG; Sigma). The immunofluorescent binding was observed using a Nikon Optiphot epifluorescent-illumination microscope at 1000 x magnification.
Results

Generation of CsPDV-baculovirus recombinants
To generate transfer vectors for construction of recombinant viruses, two CsPDV genes expressed only in the lepidopteran, H. virescens, and located on separate segments of the genome were selected. Constructs containing the VHvI.1 and WHvl.6 genes were generated by restriction digestion of previously cloned segments V and W, respectively, and included both coding and regulatory sequences. Schematic representations of the transfer vector constructs generated are shown in Fig. 1 . Constructs for expression of the VHvl.1 gene (designated pGVI.IE and pGVI.IP) were generated using a 6"3 kbp EcoRI fragment and an 8"0 kbp PstI fragment isolated from cloned segment V. To generate baculovirus recombinants for the WHvl.6 gene, a 6"7 kbp XbaI fragment from segment W was selected (constructs designated pGW1.6X). This fragment also included part of the WCs3 gene which is uniquely expressed in wasps. All of the constructs contained not only a complete copy of the CsPDV gene but also flanking genomic sequence varying in size from 500 bp to 4"0 kbp. Constructs containing either the VHvl.1 or WHvI.6 gene in both orientations relative to the polyhedrin promoter were selected to generate the recombinant viruses (designated with suffix '+' or '-' on Fig. 1 ). Virus progeny from the transfection supernatants was plaque purified and screened for recombinants by DNA dot-blot hybridization to confirm insertion of CsPDV sequences (data not shown). High titre stocks for several recombinant viruses were obtained for use in the expression analysis.
Transcriptional analysis of CsPDV-baculovirus recombinants
Evaluation of the expression of the VHvl.1 and WHvl.6 genes was performed by infecting Sf9 cells with the recombinant viruses and analysing the transcriptional activity of the CsPDV genes by Northern hybridization. For a comparison of the temporal activity of transcription from the polyhedrin promoter, RNA samples from cells infected with a baculovirus recombinant, vVHvl.1, which expresses the VHvI.1 gene under the control of polyhedrin promoter, were included in the analysis. In CsPDV-baculovirus recombinants, VHvl.1 transcripts were detected at 4 h and 12 h post-infection (Fig. 2 a) . At these early time-points the polyhedrin promoter is not active. Transcription from the vVHvI.I recombinant was only detectable by 24 h post-infection and thereafter during the course of infection. A similar pattern of transcription was found for the expression of WHvl.6 in CsPDV-baculovirus recombinants. Transcripts were detected by 4 h post-infection with either vGW1.6X(+) or vGWI.bX(--) recombinants (Fig. 2 b) . Size of transcripts detected at early time-points corresponded to VHvl.1 and WHvl.6 transcripts in CsPDV-infected hosts (not shown). An increase in both the number and amount of other transcripts cross-hybridizing with CsPDV gene probes was observed late in the infection with all the recombinants ( Fig. 2; 24 and 48 infection is consistent with previously observed patterns of baculovirus expression (Blissard & Rohrmann, 1990; Theilmann & Stewart, 1992) . We also tested for the transcription of a CsPDV gene, WCs3, whose expression is normally restricted to the wasp host. WCs3 is also present in the CsPDVbaculovirus recombinants that express WHvl.6. The orientation of the WCs3 gene is unknown and limits our ability to make conclusions regarding the transcription activity of this gene. However, the data show that this gene is not transcribed in Sf9 cells infected with the vGW1.6X recombinants (data not shown).
To demonstrate that polydnavirus promoters are used, primer extension analyses of transcripts generated from CsPDV-baculovirus recombinants were performed using primers specific for the 5' region of the VHvl.1 or WHvl.6 genes. Gel analysis of primer extension products shows a single major Fig. 1 . Scheme for construction of baculovirus transfer vectors used to generate CsPDV-baculovirus recombinants. Large genomic fragments corresponding to the CsPDV genes VHv1.1 and WHv1.6, containing both coding and promoter sequences, were generated by restriction enzyme (RE) digestion of previously cloned CsPDV segments V (SHV) and W (SHW). Approximate sizes of the cloned fragments and the RE sites utilized are indicated. Constructs were selected in both orientations with respect to the polyhedrin promoter [arrows indicate direction of the polyhedrin (polh) promoter and CsPDV genes] and used to generate the corresponding CsPDV-baculovirus recombinant; the suffixes ' + ' and ' -' indicate same or opposite orientations for the gene insert. Orientation of transcription for the WCs3 gene is not available. All constructs were designed to allow expression of CsPDV genes under CsPDV promoters. Construction of the vVHv1.1 recombinant virus for expression of the VHvl. 1 gene under the polyhedfin promoter is described in Li & Webb (1994) . product for each gene transcript (Fig. 3) . The sizes of extended products were estimated at 90 bp and 100 bp for the VHvl.1 and WHvl.6 transcripts, respectively. These product sizes are in accordance with those predicted for transcriptional start sites of the VHvl.1 and WHvl.6 genes I993) , which strongly indicates that these transcripts do in fact originate from CsPDV promoters rather than from the polyhedrin promoter.
Protein synthesis by CsPDV-baculovirus recombinants in lepidopteran cell lines and H. virescens larvae
We analysed cell lines from three lepidopteran species to evaluate species-specific differences in CsPDV expression from the recombinants. Sf9, Tn-5 and EaA cell lines are fully supportive of AcMNPV expression and are from either semipermissive or fully permissive hosts of C. sonorensis (Lingren el al., i970) . To evaluate protein synthesis and secretion, cells were infected with VHvl.1 CsPDV-baculovirus recombinants. Cell and media fractions were analysed for protein synthesis during the course of infection. The VHvl.1 protein was readily detected by 8 h post-infection (Fig. 4a, b, c) . In contrast, VHvl.1 protein synthesis under the regulation of the polyhedrin promoter in either Sf9 or Tn-5 cells is not detectable until 24 h and 48 h post-infection (data not shown). The VHvl.1 protein was found in the media fraction as a single major protein band for all cell lines. The immunoreactive secreted protein was approximately 30 kDa, which is consistent with the size of the VHvl.I protein in parasitized insects (Fig. 4, lane labelled 'H') . In Sf9 cells, a considerable amount of protein and additional immunoreactive protein bands, possibly due to either protein processing or protein degradation, were detected. In comparison with Tn-5 and EaA cells, Sf9 cells retained a significant amount of the protein suggesting that the protein is not properly secreted from these cells. This observation is consistent with documented lower efficiencies of processing by Sf9 cells of proteins destined for secretion (O'Reilly eta[., 1992; Wickman eta] ., 1992; Wickman & Nemerow, 1993) .
To analyse the expression of the CsPDV-baculovirus recombinants in vivo, last-instar H. virescens larvae were injected with the vGVI.IE and vGVI.IP recombinant viruses. Immunoblots with plasma from infected larvae detected small quantities of the VHvl.1 protein by 17 h post-injection (Fig. 5) . Increasing amounts of the protein, possibly due to both an increase in protein synthesis and its accumulation in plasma, were detected at 48 h post-infection. We did not observe significant variations in the amounts of protein synthesized from the four different VHvl.1 recombinants. The VHvl.1 protein was present in the plasma of infected larvae up to the latest timepoints analysed, 96 to 102 h (not shown). The size of the synthesized recombinant VHvl.1 protein was identical to that of the protein produced in parasitized insects (Fig. 5) .
Binding to haemocytes of the VHv1.1 protein produced from CsPDV-baculovirus recombinants The VHvI.1 protein inhibits the haemocytic encapsulation response to C. sonorensis eggs (Li & Webb, 1994) . This inhibition is accompanied by binding and localization of secreted VHvl.1 protein to those haemocyte types, granulocytes and plasmatocytes, which are involved in the encapsulation response. The VHvl.1 protein produced from CsPDVbaculovirus recombinants was tested in haemocyte binding assays as an indicator of the functional integrity of the VHvl.1 protein. Haemocyte preparations from uninfected larvae were overlaid with celbflee plasma from insects infected with the VHvl.1 recombinant viruses. Binding of the VHvI.1 protein to haemocytes was assayed by indirect immunofluorescence using antiserum to the VHvl.1 protein and FITC-IgG. Haemocyte immunofluorescence labelling in overlays with VHvl.1 protein synthesized from all CsPDV-baculovirus recombinants was indistinguishable from that observed in overlays with VHvl.1 protein from parasitized insects (Fig. 6) . Binding was specific to haemocytes and largely restricted to granulocytes and, to a lesser extent, plasmatocytes. Similar immunofluorescence staining is not present in overlays with the VHvl.1 protein using cell preparations of uninfected Sf9
;" q-";" "T" ; ' $ ; " "T" and Tn-5 cells (data not shown). Taken together, the results indicate that CsPDV proteins produced from CsPDVbaculovirus recombinants cannot be distinguished from CsPDV proteins found in parasitized insects and are likely to be active in functional assays.
Discussion
Although CsPDV has obvious deleterious effects on lepidopteran physiology, the complexity of the CsPDV genome, and the lack of appropriate in vitro systems for functional studies have limited progress towards identifying active CsPDV genes. Our approach overcomes some of the obstacles to identifying functional CsPDV genes by allowing assay of individual genes in the lepidopteran host. Incorporation of CsPDV genes into baculoviruses allows expression of individual polydnavirus genes under the regulated and specific control of their own promoters. We have demonstrated that CsPDV genes which are normally expressed in the lepidopteran host can be introduced into baculoviruses where these genes are expressed from CsPDV promoters. Proteins synthesized from CsPDV-baculovirus recombinants exhibit 18! PL GR Fig. 6 . Haemocyte binding assays by immunofluorescence detection of recombinant protein synthesized from CsPDV-baculovirus recombinants. Haemocyte preparations from unparasitized last-instar larvae were overlaid with haemolymph plasma from larvae injected with recombinants for expression of the VHvl.1 gene. (B) Characteristic immunostaining pattern in haemocyte overlays with the VHv1.1 protein from parasitized larvae, as indicated by numerous brightly immunostained loci in granulocytes. The haemocyte types, granulocytes (GR) and plasmatocytes (PL) are indicated. Immunostained loci were absent from haemocyte preparations overlaid with plasma from uninjected larvae (A). Positive immunostaining identical to that with overlays with plasma from parasitized larvae was detected in overlays with the VHv1.1 protein produced from the CsPDV-baculovirus recombinants: vGV1.1E(+) (C), vGV1.1E(--) (D); vGV1.1 P(-I-) (E), vGV1.1 P(-) (F).
physical and functional characteristics resembling those of proteins produced during CsPDV infection of lepidopteran hosts.
Our analysis of expression from CsPDV-baculovirus recombinants indicates that a subset of CsPDV promoters, when placed in the context of the baculovirus genome, remain functional and retain the pattern of expression of the native CsPDV promoters. Temporal activity of CsPDV promoters in iiiiiiilililililiiii@ @iiii iii @iiiiiilliiiiiiiiiiiiiiiiiiiiiiiii the CsPDV-baculovirus recombinants reflected that observed during CsPDV infection and was clearly independent of activity from baculovirus promoters. In parasitized hosts, transcription of the VHvl.1 and WHvl.6 genes and a number of other CsPDV genes is detected within 2 to 4 h after CsPDV is introduced by the female wasp (Blissard el al., 1986) . We detected VHvI.1 and WHvl.6 transcripts from the CsPDVbaculovirus recombinants at 4 h post-infection. By comparison, transcription of the VHvl.1 gene under the regulation of the polyhedrin promoter (recombinant vVHvl.1) was not detected until 24 h post-infection. Like some constitutive promoters but unlike most baculovirus early gene-promoters (Blissard & Rohrmann, 1990; O'Reilly et al., 1992) , CsPDV promoterdriven expression continued during the late stages of baculovirus infection. Transcription levels from CsPDV promoters were much lower, as expected, than transcription derived from the strong polyhedrin promoter. However, an increase in the amounts of specific and non-specific transcripts was detected in the late and very late phases of baculovirus replication (24 and 48 b post-infection). We have not determined if the increase in CsPDV-specific transcripts is due to an actual increase in the transcriptional activity from CsPDV promoters. An increase in CsPDV transcriptional activity, however, is inconsistent with the pattern of CsPDV transcription in parasitized insects where CsPDV transcripts remain relatively constant throughout CsPDV infection (Blissard et al., 1986 ; A. I. Soldevila & B. A. Webb, unpublished observations). Although we have not conducted detailed studies, indirect evidence indicates that correct splicing for these genes also takes place during expression from the CsPDV-baculovirus recombinants. Genomic sequences for VHvl.1 and WHvl.6 are known to contain three and two introns, respectively, which are spliced to generate the 1"1 and 1"6 kb transcripts (Dib-Hajj el al., 1993) . Transcripts detected during the early phase of infection with the CsPDV-baculovirus recombinants were consistent with the sizes of spliced VHvI.1 and WHvI.6 transcripts detected during CsPDV infection of host larvae. In the case of the CsPDV-baculovirus recombinants for expression of the VHvl.1 gene, size and immunological properties of the gene product indicate that VHvI.1 primary transcripts were correctly spliced. At least two other studies have presented evidence for the capacity of baculovirus-insect expression systems for intron processing of heterologous genes expressed under control of either polyhedrin or host promoters (Iatrou & Meidinger, 1990; O'Reilly et al., 1992) . The preliminary analyses using the VHvl.1 recombinants indicate that CsPDV gene products may be correctly processed post-translationally. The majority of the VHvI.I protein synthesized from the CsPDV-baculovirus recombinants was present in the cell incubation media or cell-flee plasma of injected larvae, and with a size consistent with that of the protein produced during CsPDV infection, indicating that processing and secretory properties are retained. Our results based on haemocyte-binding criteria and other characteristics of the VHvl.1 protein suggest that the CsPDV genes expressed from CsPDV-baculovirus recombinant viruses are likely to be biologically active in appropriate functional assays.
Results from the expression of four VHvl.1 recombinants in three lepidopteran cells lines indicated that all were effective in inducing early CsPDV gene expression. All cell lines produced similar amounts of VHvl.1 protein, detectable by 8 h post-infection. In infected larvae, VHvI.1 protein could not be detected in the plasma earlier than 18 h post-infection. We have previously detected small amounts of the VHvl.1 product in CsPDV-infected larvae as early as 4 to 6 h post-parasitization. We observed that the amount of VHvl.1 protein present in recombinant-infected larvae, though readily detectable by 24 h post-infection, is significantly lower than that produced in parasitized larvae. We think that these differences can be explained by differences in virus dosage (m.o.i.) used to inoculate cells or to infect larvae and the virus inoculum of CsPDV delivered during parasitization. Though the exact quantity of CsPDV particles delivered to a single larva at the time of parasitization has not been determined, the amount of virus which is delivered is highly concentrated. Using the limited information available, we estimate that the wasp's CsPDV inoculum is equivalent to the dose used for the inoculation of cell cultures in vitro but may represent a 1000-fold higher dose than that used in our standard infections of larvae. Though a number of other factors, such as efficiency of infection and rate of virus entry, also contribute to the level of expression, the apparent difference in initial dose could account for the comparatively lower levels of protein present in recombinant-infected larvae. We think it is likely that the VHvl.1 protein is produced in infected larvae early in the infection though the amount of protein is below our limit of detection. This may explain the failure to detect the protein in larvae until later in the infection (ca. 18 h and later postinfection) when more gene copies expressing this gene product are generated from several rounds of baculovirus replication. The virus dose for the primary infection of insect hosts requires further consideration to obtain timely and optimal levels of CsPDV gene expression for functional analyses.
In this study we have delineated an approach in which baculoviruses may be used to deliver CsPDV genes to lepidopteran larvae. A direct application for this approach is the generation of genomic libraries consisting of CsPDVbaculoviruses to express CsPDV genes in vivo for the purpose of isolating those CsPDV genes responsible for altering the various aspects of lepidopteran host physiology. We have initiated efforts towards the construction of such expression libraries which will contain the entire CsPDV genome. Preliminary results indicate that CsPDV genes are expressed from such libraries early during the course of infection (A. I. Soldevila, unpublished). Many CsPDV-mediated alterations in lepidopteran host physiology can be detected by 24 h postparasitization (B. A. Webb, unpublished observations). Therefore, CsPDV genes expressed from CsPDV-baculovirus recombinants can be analysed for functional activities before bacu[ovirus cytopathological effects become evident. We are, however, exploring possible ways to minimize interference potentially associated with baculovirus replication to expand the available time-flame for analyses of function.
